Myotonic dystrophy type 1 (DM1) is a multi-systemic disease resulting in severe muscle weakening and wasting. DM1 is caused by expansion of CTG repeats in the 3 0 untranslated region of the dystrophia myotonica protein kinase (DMPK) gene.
Introduction
Myotonic dystrophy type 1 (DM1) is the most common adultonset muscular dystrophy that affects multiple organ systems including skeletal and cardiac muscle, neurological, endocrine, gastrointestinal and reproductive functions (1) . Despite defects in skeletal muscle, such as myotonia and general muscle weakening, being among the first clinical DM1 presentations (2) and skeletal muscle wasting accounting for 60% of the mortality associated with DM1 (1), the mechanisms that directly underlie skeletal muscle wasting in DM1 remain largely unknown. DM1 is caused by expansion of CTG tandem repeats in the 3 0 untranslated region of the dystrophia myotonica protein kinase (DMPK) gene to 50-3000 repeats compared with 5-37 repeats in the general population (3) . CUG repeat expansion-containing RNA (CUGexp RNA) transcripts from the expanded allele are retained in the nucleus in discrete foci resulting in sequestration and functional depletion of the Muscleblind-like (MBNL) family of RNA-binding proteins (4) (5) (6) (7) . CUGexp RNA also induces up-regulation of CUGBP, Elav-like family member 1 (CELF1) protein (8) . Both the loss of MBNL and increased CELF1 protein function lead to aberrant mRNA splicing associated with DM1 features (9, 10) . Sequestration of MBNL proteins has also been demonstrated to alter mRNA localization and transport, mRNA stability, microRNA biogenesis and polyadenylation (11) (12) (13) (14) (15) while CELF1 has additional roles in mRNA stability and translation regulation (16) .
Many studies have focused on the specific roles played by either MBNL or CELF1 proteins in DM1 pathology (17) (18) (19) (20) (21) . Skeletal muscle wasting has been demonstrated in mice with combined Mbnl1 and Mbnl2 knockout (17) and in Celf1 over-expressing mice (21) . Additionally, CUGexp-expressing mouse models have been developed to study mechanisms of DM1 (22) (23) (24) (25) (26) (27) . Studies using these mice have shown a variable range of DM1-like phenotypes associated with repeat expression with mice expressing >900 CUG repeats, such as the EpA960 model (24) and the DMSXL model (25, 27) , showing more severe muscle wasting phenotypes than CUGexp RNA models with shorter expansions or RNA containing five CUGs [HSA LR , DM300 and (CTG) 5 mouse models] (22, 23, 26) . The variable range of DM1 phenotypes in these models suggests that DM1 pathogenesis may involve multiple pathways (28, 29) . Since the DMSXL model is not reversible and expression of CUGexp RNA in the EpA960 model has extinguished, this study set out to generate a mouse model with reversible expression of long CUGexp RNA and significant muscle wasting to study the mechanisms of muscle wasting.
We developed a tetracycline-inducible skeletal musclespecific model of DM1 that expresses RNA containing 960 interrupted repeats in the context of human DMPK exons 11-15. Transgenic mice expressing the CUG 960 RNA showed significantly reduced muscle weight, histological myopathy consistent with DM1 and an increase of oxidative muscle fibers. Additionally, the CUG 960 -expressing mice exhibited nuclear RNA foci with colocalized Mbnl1 protein; however, splicing defects that are typically associated with DM1 were mild, suggesting the possibility that abnormal splicing is not solely responsible for the wasting phenotype observed in these mice. Multiple effects of the CUG 960 RNA were reversible. Protein array analysis showed that animals exhibiting severe muscle loss had significantly increased levels of activated AMP-activated protein kinase a (AMPKa) and reduction of the phosphorylated form of the platelet derived growth factor receptor b (PDGFRb) receptor tyrosine kinase involved in cell survival, with little to no change in these protein levels in animals with only moderate muscle loss. DM1 skeletal muscle showed similar changes to protein expression. These results suggest that pathways activated in response to nutrient or oxidative stress are deregulated, resulting in disruption of the balance between anabolic and catabolic pathways normally responsible for maintaining muscle mass.
Results
An inducible DM1 mouse model shows significant skeletal muscle wasting
To assess the mechanisms of skeletal muscle wasting in DM1, we developed a tetracycline-inducible transgene, TREDT960I, containing 960 interrupted CTG repeats in the context of human DMPK exons [11] [12] [13] [14] [15] (Fig. 1A) . Southern blot analysis confirmed that the integrated transgene contained 960 repeats and the repeats remained stable over multiple generations (data not shown). Bi-transgenic animals, designated CUG 960 , that are homozygous for the TREDT960I transgene (TRE) and hemizygous for a muscle-specific reverse transactivator (MDAFrtTA) (30) were fed doxycycline (dox)-containing chow to induce expression of the CUG 960 RNA. Titration of dox indicated that expression of CUG 960 RNA and the associated phenotypes increased with increasing dox dose, reaching a plateau between 1 and 2 g dox/kg chow (data not shown). Additionally, initial experiments showed that skeletal muscle abnormalities are observed when animals are fed dox-containing chow beginning in utero, at postnatal day 1 (PN1), and as adults, with little difference between phenotypes of mice started in utero or at PN1 (data not shown). Mice used in this study were fed mouse chow containing 2 g dox/kg chow for 10 weeks, beginning at PN1, to induce transgene expression. CUG 960 mRNA levels in skeletal muscle from bi-transgenic animals were assessed by RT-PCR (CUG 960 þdox; Fig. 1B ) and quantified relative to Gapdh mRNA (Fig. 1C, Supplementary Material, Fig. S1D ). Relative expression was compared with littermate control animals (TRE þdox) that were homozygous for TREDT960I and lack the reverse transactivator. No CUG 960 RNA was detected in TRE þdox controls, as expected, while all CUG 960 þdox animals expressed readily detectible CUG 960 RNA (Fig. 1B) . There was no difference in relative expression levels of CUG 960 RNA between female and male CUG 960 þdox animals when assayed simultaneously (Supplementary Material, Fig. S1E ). Additionally, we observed comparable expression levels in gastrocnemius muscle induced for 6 and 12 weeks with 2 g/kg dox, beginning at PN1 (Supplementary Material, Fig. S1A and B) with some reduction in CUG 960 RNA expression in quadriceps between 6 and 12 weeks (Supplementary Material, Fig. S1C ). Transgene expression was not detected in mice that were switched to regular chow for 8 weeks following 10 weeks of dox chow starting at PN1, demonstrating loss of CUG 960 RNA upon removal of dox (CUG 960 þ/off dox compared with TRE þ/off dox control, Fig. 1B and C) . Similarly, bi-transgenic animals not given dox chow did not express detectable levels of CTG 960 indicating that 'leaky' expression is not detectable (CTG 960 -dox, Supplementary Material, Fig. S1A-C) . Finally, we found that CUG 960 RNA expression was comparable with RNA expression from the previously published EpA960 model developed in our laboratory (24) using tissue samples obtained prior to extinguished expression of the EpA960 transgene (Supplementary Material, Fig. S1F ).
Following 10 weeks of CUG 960 RNA expression, significant skeletal muscle wasting is observed in gastrocnemius, quadriceps and tibialis anterior (TA) muscles from CUG 960 þdox mice compared with TRE þdox controls ( Fig. 2A-C, arrows in F) . Quantification of skeletal muscle wasting was based on muscle weight, normalized to tibia length. Tibia length is unaffected in female CUG 960 þdox mice but is slightly shorter in male CUG 960 þdox mice compared with TRE þdox littermate controls (Fig. 2E) . Differences in total body weight of females and males that do or do not express CUG 960 RNA are apparent at 10 weeks of CUG 960 RNA expression (Fig. 2D ) but did not reach significance, even in the event of prolonged CUG 960 RNA expression up to 20 weeks (Supplementary Material, Fig. S2F ). Evidence of skeletal muscle loss in female CUG 960 þdox mice was present as early as 6 weeks of expression compared with non-induced control mice (Supplementary Material, Fig. S2A ). By 12 weeks of transgene expression, significant muscle loss was observed in female CUG 960 þdox mice compared with TRE þdox and CTG 960 -dox control mice (Supplementary Material, Fig. S2A and C). Significant reduction in muscle weight was not observed in flexor digitorum brevis or triceps muscles at 6 or 12 weeks (Supplementary Material, Fig. S2D and E).
Since CUG 960 RNA expression was induced at PN1, it is possible that muscle loss is due to a defect in postnatal development. To determine whether muscle wasting is also observed in animals induced to express CUG 960 RNA as adults, we induced transgene expression in mice beginning at 6 weeks of age using 2 g/kg dox chow and performed analysis 18 weeks later. We observed significant skeletal muscle loss in gastrocnemius and TA muscles in both female and male CUG 960 þdox mice compared with TRE þdox controls (Supplementary Material, Fig. S3A and B) but no significant wasting in quadriceps (Supplementary Material, Fig. S3C ). The percent muscle loss for gastrocnemius and TA muscles were comparable between adult-and PN1-induced CUG 960 þdox mice (data not shown), relative to TRE þdox controls, indicating that muscle loss is due to expression of CUG 960 RNA rather than effects of dox and is not secondary to disrupted postnatal development.
To determine whether muscle loss in CUG 960 þdox mice can be reversed, we first induced transgene expression for 10 weeks, beginning at PN1, then switched mice to standard chow without dox for an additional 8 weeks to turn off transgene expression (CUG 960 þ/off dox). Littermate TRE mice were also fed doxcontaining chow for 10 weeks followed by standard chow for 8 weeks (TRE þ/off dox). As noted above, CUG 960 þ/off dox animals did not express CUG 960 RNA (Fig. 1A and B) . Turning off repeat expression of CUG 960 RNA resulted in full rescue of muscle loss in quadriceps and a strong trend toward rescue in TA in both females and males (Fig. 2B , C, F and quantified in G), however, rescue of muscle weight relative to tibia length was not observed in gastrocnemius in CUG 960 þ/off dox mice ( Fig. 2A and G) , possibly because a longer recovery period is required since the percentage of muscle loss is greater than in quadriceps and TA. Table S1 ) and significantly increased percent of fibers containing centralized nuclei ( Fig. 3B and quantified in J). Increased centralized nuclei is a histological feature of regeneration, however, regeneration is not observed in DM1 (31) and therefore appears to result from a different mechanism. Similar to DM1, regeneration is not observed in muscles of CUG 960 þdox mice.
To test whether the change in muscle CSA is due to altered protein synthesis in CUG 960 þdox mice, we used a modified SUnSET assay (32, 33) . Following 2 weeks of CUG 960 RNA induction with dox, beginning at 6 weeks of age, mice received an intraperitoneal injection of puromycin 1 h prior to tissue collection. No change in puromycin levels, normalized to total protein levels, was detected in gastrocnemius or quadriceps muscles of CUG 960 þdox mice. Taken together, these data suggest that the expression of repeat RNA results in myopathy without affecting total skeletal muscle protein synthesis (Supplementary Material, Fig. S4 ).
Female CUG 960 þdox mice induced as adults show less severe muscle myopathy than do CUG 960 þdox animals induced postnatally (Supplementary Material, Fig. S3D-G) . In adult-onset CUG 960 RNA-expressing mice that did not show muscle loss, histology is similar to TRE þdox controls (Supplementary Material, Fig. S3D and E), while CUG 960 þdox females with significant muscle loss exhibited myopathy, including increased Fig. S3F and quantified in G). In CUG 960 þ/off dox mice (Fig. 3D) , muscle histology more closely resembles TRE þ/off dox controls (Fig. 3C ) than CUG 960 þdox histology with regard to CSA (Fig. 3I ) and fiber size variation showing a level of phenotype rescue (gastrocnemius and quadriceps, Supplementary Material, Table S1 ). However, myonuclei remain centralized 8 weeks after animals were switched to regular chow.
Cytochrome oxidase staining of gastrocnemius cross-sections ( Fig. 3E-H) showed subtle but significant differences in the percentages of oxidative and glycolytic fibers in female CUG 960 þdox mice compared with TRE þdox, CUG 960 þ/off dox and TRE þ/off dox muscles. Similar results were obtained using succinate dehydrogenase staining (not shown). Quantification of fiber type percentages based on these staining results ( Fig. 3K ) revealed significantly increased percentage of Type 1 oxidative fibers and decreased Type 2B glycolytic fibers in CUG 960 þdox gastrocnemius muscles, compared with TRE þdox and TRE þ/off dox controls. Additionally, the significant difference in Type 1 fibers between CUG 960 þdox and TRE þdox was lost between CUG 960 þ/off dox mice and TRE þ/off dox mice, suggesting at least a partial rescue of fiber type differences. Taken together, histological analyses showed significant, but reversible myopathy present in CUG 960 þdox mice.
Nuclear RNA foci that colocalize with the MBNL protein family is a key pathogenic feature of DM1 (4, 6) . To determine whether CUG 960 RNA-expressing mice accumulate nuclear foci that colocalize with Mbnl protein, we performed fluorescent in situ hybridization (FISH) using a Tye-563-labeled antisense linked nucleic acid probe (CAG) 5 , followed by immunofluorescent (IF) staining for Mbnl1. We demonstrate the presence of multiple discrete RNA foci and colocalized Mbnl1 in nuclei of CUG 960 RNA expression has a broad but mild effect on splicing Thus far, we have presented a mouse model expressing RNA containing 960 CUG repeats that exhibits significant skeletal muscle wasting, myopathy, and the presence of RNA foci that colocalize with Mbnl1 protein, consistent with phenotypes associated with DM1 skeletal muscle pathology. To determine the most significant transcriptome changes contributing to progressive muscle wasting in these mice, we performed RNAseq analysis on either gastrocnemius or quadriceps muscles from two CUG 960 þdox mice, two CTG 960 -dox control mice, and one TRE þdox control mouse after 6 and 12 weeks of induction, beginning at PN1 (Supplementary Material, Table S2 ). Poly-A-selected cDNA libraries were used for 100 bp paired-end reads, 97-147 million reads per sample, with >80% of reads mapping to the mouse genome (Supplementary Material, Table S2 ). The high quality sequencing data obtained provided us with sufficient depth and quality to assess changes to both alternative splicing ( RNA-seq data were evaluated using the mixture of isoforms (MISO) (34) and SpliceTrap (35) algorithms. Events with changes in percent spliced inclusion (DPSI) (36) values !10% (Bayes factor >5) were considered significantly altered. Events that were altered by the presence of dox alone were filtered out of the dataset. At 6 weeks, 682 splicing events were significantly altered with 740 events at 12 weeks in CUG 960 þdox mice compared with CTG 960 -dox controls and 437 events at 6 weeks and 523 events at 12 weeks were significantly altered in CUG 960 þdox mice compared with TRE þdox controls ( Fig. 5A and B) . We looked further into only those events that were significantly altered in CUG 960 þdox muscles when compared with both CTG 960 -dox and TRE þdox controls, as these events were likely to be more significant to muscle wasting. At 6 weeks, 459 events and at 12 weeks, 735 events were significantly changed in CUG 960 þdox mice relative to both controls (overlapping regions in Fig. 5A and B) . We chose to focus our analysis on cassette exons in protein coding regions. Of the splicing events with DPSI ! 10% in CUG 960 þdox muscles relative to both controls, 54-57% of the altered events reflect changes to cassette exons (Fig. 5C) . PSI values from the combined MISO and SpliceTrap datasets showed that splicing of cassette exons was reproducible among biological replicates (Supplementary Material, Fig.  S5A and B) . Gene Ontology and functional enrichment analyses of alternatively spliced genes in CUG 960 þdox mice, using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (37, 38) , showed significant enrichment of genes involved in cytoskeleton dynamics, GTPase and PI3K activity, and vesicular trafficking at both 6 and 12 weeks of induction. Calcium handling genes were also enriched following 12 weeks of induction (Supplementary Material, Fig. S5E and F) .
Analysis of differential gene expression was conducted similarly to alternative splicing analysis using Cufflinks/Cuffdiff (39, 40) and Ht-Seq/EdgeR (41, 42) pipelines. Gene expression data were highly reproducible among biological replicates (Supplementary Material, Fig. S6A and B) . Overall, a limited set of 67 genes at 6 weeks and 163 genes at 12 weeks were significantly differentially expressed (>1.5-fold, P < 0.05) in CUG 960 þdox mice relative to both control groups (overlapping regions in Supplementary Material, Fig. S6C and D) . After filtering out low abundance genes (RPKM <0.5), 55 and 112 genes (6 and 12 weeks, respectively) remained. Analysis showed that all genes with differential gene expression at 6 weeks were upregulated, while 107 of 112 differentially expressed genes were up-regulated at 12 weeks (Supplementary Material, Fig. S6E ). Genes at both 6 and 12 weeks were enriched for functions in cytoskeleton dynamics associated with actin binding, cell cycle control and cell death. By 12 weeks, enrichment is also observed for genes involved in calcium handling, GTPase activity and vesicular transport (Supplementary Material Fig. S6F and G). Furthermore, there was little to no overlap in genes with changes to alternative splicing and differential gene expression, suggesting that although the most enriched categories of genes from both the alternative splicing and gene expression analyses overlap, the individual genes altered are independent of each other (Supplementary Material, Fig. S5C and D) . Alternative splicing events from RNA-seq data were validated by RT-PCR comparing the DPSI (36) between CUG 960 þdox and TRE þdox obtained by RNA-seq at 12 weeks with the DPSI from RT-PCR at 10 weeks on dox chow (Fig. 5D-F) . By RT-PCR, we tested 16 events known to be alternatively spliced in DM1 skeletal muscle, with emphasis on 12 events previously reported to correlate with muscle weakness (43) . To validate both strong and weak splicing changes, 7 of the 16 tested events had a DPSI > 10%, while nine had DPSI < 10% in the RNA-seq dataset. The results showed a strong correlation between RNAseq and RT-PCR results (R 2 ¼0.69247, P ¼ 0.00009, Fig. 5D ). Of the 16 known DM1 alternatively spliced exons tested by RT-PCR in CUG 960 þdox and TRE þdox females, 6 events showed mild, yet significant, reduction in exon inclusion ( Fig. 5E and F) , while another five events showed significantly increased exon inclusion (Fig. 5F ). Seven of the 12 splicing events tested that correlate with muscle weakness in individuals affected by DM1 (43) were affected in female CUG 960 þdox mice (daggers in Fig. 5F ). Splicing changes were milder in male CUG 960 þdox animals than females (not shown), consistent with male CUG 960 þdox mice exhibiting more mild muscle loss and histopathology. Taken together, these results suggest that only mild splicing defects exist in CUG 960 þdox mice.
CUG 960 RNA induces deregulation of signaling pathways involved in cell survival during energetic stress
The relatively mild splicing defects in CUG 960 þdox mice suggest that spliceopathy might not be the only contributing factor to skeletal muscle wasting in mice expressing CUG 960 RNA. To identify altered signaling pathways that significantly correlate with skeletal muscle wasting in CUG 960 þdox mice, we performed reverse phase protein array (RPPA) analysis (44) on gastrocnemius muscle of 12 CUG 960 þdox mice and eight TRE þdox age-matched mice fed 2 g/kg dox chow for 10 weeks, beginning at PN1. The array measured changes to total protein abundance and post-translational modifications using 216 validated antibodies. RPPA analysis on total protein lysates from gastrocnemius muscle revealed significant up-regulation of 77 proteins and down-regulation of 2 proteins (maximum signal intensity !200, fold-change >1.25, P < 0.05, Fig. 6A) . Furthermore, the level of protein expression changes tightly segregated with moderate or severe wasting, based on gastrocnemius weight (severe weight <56 mg, moderate weight 60-76 mg, control weight >79 mg, P 0.001), indicating that the degree of signaling pathway deregulation correlates with the severity of muscle wasting. Ingenuity Pathway Analysis indicated that the top canonical pathways altered in response to CUG 960 RNA expression involve PTEN, IL-8, PI3K/AKT and glucocorticoid receptor signaling pathways (Fig. 6B, Supplementary Material,  Fig. S7A ). Deregulated PTEN/PI3K/AKT signaling is consistent with gene enrichment analysis obtained by RNA-seq and presents an interesting pathway on which to focus future analyses. Up-regulated expression of the glucocorticoid effector protein FoxO1, as well as proteins involved in the autophagy pathway regulated by FoxO1, was observed in CUG 960 mice, consistent with previous reports in DM1 models (45, 46) .
In addition to overall protein expression changes, we assessed changes in the ratio of phosphorylated to total protein levels in the RPPA dataset. From this analysis, we found that 3 and 10 proteins show significantly up-regulated and downregulated phospho-to-total protein ratios, respectively (Fig. 6C) . The most significantly increased phospho-to total protein ratio is Thr172-phosphorylated AMPKa, which antagonizes PI3K/AKT signaling (47, 48) , while the protein with the most significantly decreased phospho-to total protein ratio was Tyr751-phosphorylated PDGFRb (Fig. 6C-F) .
Validation of the RPPA results was performed by western blot of gastrocnemius muscle extracts from CUG 960 þdox mice exhibiting severe (Fig. 6C) and moderate (Supplementary Material, Fig.  S7B ) muscle wasting. Total AMPKa abundance was unaffected in both groups of CUG 960 þdox mice while Thr172-phosphorylated AMPKa was significantly up-regulated in CUG 960 þdox mice with severe muscle loss (Fig. 6D-F) . Consistent with activation of AMPKa, RPPA data also showed increased activation of p27/Kip1 at Thr198, which was previously reported to be a phosphorylation target of AMPKa (49) . Levels of both phosphorylated and total PDGFRb were increased ( Fig. 6D and E ) and the ratio of phosphoto total PDGFRb was decreased in CUG 960 þdox with severe muscle loss (Fig. 6F) . PDGFRb phosphorylation at Tyr751 is known to activate PI3K/AKT, as well as MAPK signaling (50, 51) . Although MAPK signaling was not enriched in pathway analysis (Supplementary Material, Fig. S7A ), several MAPK signaling pathway components were up-regulated in the CUG 960 þdox mice (Fig. 6A ) and phospho-to total protein ratios of the MAPK downstream targets, Ser63 p-c-Jun (Fig. 6C) and Ser727 p-Stat3 (Fig. 6C-F ) involved in regulating cell cycle and survival, were reduced. Additional validation of RPPA by western blot (Fig. 6D and E) showed increased levels of the cell death indicator, caspase 3. Using the same extracts as in Figure 6D we found that Celf1 protein levels were increased in muscle from CUG 960 þdox mice exhibiting severe but not moderate muscle wasting (Supplementary Material, Fig. S9 ).
Similar results were obtained in DM1 muscle, relative to unaffected control muscle by western blot (Supplementary Material, Fig. S8A ). Quantification of the phospho-to total protein ratios for PDGFRb, AMPKa and Stat3 showed similar trends as the ratios of these protein modifications in CUG 960 þdox mice; however, owing to high variability between individuals, the phospho-to total protein ratios did not reach a level of statistical significance (Supplementary Material, Fig. S8B ). Total levels of the proteins assessed by western blot showed similarly significant up-regulation of Tyr751-phosphorylated PDGFRb, total PDGFRb and caspase 3 proteins, while levels of Thr172 p-AMPKa, Ser727 p-Stat3 and total Stat3 showed similar, though not significant, up-regulation in DM1 skeletal muscle relative to unaffected controls (Supplementary Material, Fig. S8C) . Similar to what we observed in the mice, the robustness of the signaling changes are likely to correlate with disease severity in affected DM1 skeletal muscle. Taken together, results from the RNA-seq and RPPA analysis suggest that deregulation of PI3K pathway may be involved in inhibition of cell survival and promoting cell death of muscle cells during progressive skeletal muscle wasting in CUG 960 þdox mice and in individuals affected by DM1.
Discussion
We demonstrate that CUG 960 RNA expression in CUG 960 þdox mice results in significant muscle loss in gastrocnemius, quadriceps, and TA muscles (Fig. 2) . Induced expression of CUG 960 RNA was started at PN1, however, it is unlikely that the reduced muscle weight is due to delayed development, since CUG 960 RNA expression initiated at PN1 did not result in reduced overall growth and induction of CUG 960 þdox expression in adults also resulted in skeletal muscle wasting. When CUG 960 RNA expression is turned off, muscle loss in the quadriceps and TA muscles was reversed. CUG 960 þdox mice exhibited histological features consistent with DM1 histology (Fig. 3) . CUG 960 þdox mice showed changes to the proportion of fiber types within the muscle, including increased Type 1 oxidative fibers and decreased Type 2B glycolytic fibers. In contrast, Type 1 fiber atrophy is predominant in DM1 (1). It is possible that these effects are partially due to expression of CUG 960 RNA limited to Type 2 myofibers since the fast myosin light chain promoter drives rtTA expression in MDAFrtTA mice. However, both the HSA LR and DMSXL models also showed increased oxidative and decreased glycolytic fiber percentages (22, 25) , suggesting the difference in the direction of change in fiber type proportions may be due to differences between mouse and human biology when CUGexp RNA is expressed. Histopathology, reduced CSA, and increased oxidative and decreased glycolytic fiber percentages were reversed in CUG 960 þ/off dox mice in gastrocnemius, quadriceps, and TA. Overall, induction of muscle loss and histopathology and its rescue indicates that this model can be used to test the effectiveness of therapeutics aimed at reducing muscle loss. A key feature of DM1 pathology is retention of expanded CUG-containing RNA into nuclear foci (6, 7) . Here, we show the presence of nuclear foci in gastrocnemius of CUG 960 þdox mice (Fig. 4) that are not present in control animals. The number and size of the foci vary between nuclei, consistent with previous reports (52) and are absent in CUG 960 þ/off dox mice after CUG 960 expression has ceased. Additionally, we observed colocalization of Mbnl1 protein in the nuclear foci, consistent with DM1 and other mouse models expressing CUG repeat expansions (4,5,22,23,25,53 ). MBNL sequestration is an early molecular event in DM1 that contributes to most of the alternative splicing defects (43) . Combined knockout of both Mbnl1 and Mbnl2 led to severe muscle pathology (17) . Given these observations, one would expect to see strong splicing defects and reduced physiological function in CUG 960 þdox mice that exhibit significant muscle wasting. Myotonia, a clinical hallmark of DM1 pathology, has been directly linked to the functional loss of MBNL proteins (54) . However, we detected weak to no myotonia by electromyography (data not shown) and only mildly increased inclusion of Chloride channel 1 (Clcn1) exon 7a (Fig. 5F ) in CUG 960 þdox mice, which results in myotonia in DM1. The DMSXL mouse model also showed mild splicing abnormalities, including for Clcn1 exon 7a, and mild myotonia (25) . In contrast, DM1 mouse models that exhibit strong changes in alternative splicing of Clcn1 exon 7a show strong, sustained myotonia (26, 24, 22) . Missplicing known to be regulated by MBNL proteins, such as those in Fig. 6 , are correlated with skeletal muscle weakness in individuals affected by DM1 (43) . We observed skeletal muscle weakness in one group of CUG 960 þdox mice by grip strength (data not shown) but were unable to reproduce the weakness phenotype in a separate independent experiment owing to individual variability. The HSA LR and DMSXL models also failed to show muscle weakness by grip assessment following normalization for body mass; however, by in situ isometric contraction and in vivo dynamometric assays, the DMSXL mice were shown to have significant skeletal muscle weakness (22, 25) . Significant muscle loss is consistently observed in CUG 960 þdox mice despite very mild Mbnl-associated phenotypes suggesting the possibility that factors in addition to Mbnl contribute to the wasting phenotype observed in CUG 960 þdox mice. One proposed mechanism for DM1 pathogenesis is upregulation of CELF1 protein (8, 21, 55) . CUG 960 þdox mice showed significant up-regulation of Celf1 in mice with severe muscle wasting (Supplementary Material, Fig. S9 ). Significant upregulation of Celf1 was also demonstrated in EpA960 and (CTG) 5 mice but HSA LR mice do not show increased Celf1 levels (9) and Celf1 was up-regulated in only one of four DMSXL mice (25) . Another study showed increased Celf1, active GSK3b and reduced cyclin D3 levels in skeletal muscles from the HSA LR DM1
mouse model prior to the onset of skeletal muscle weakness; GSK3b inhibition corrected levels of cyclin D3 and alleviated muscle weakness and myotonia (56) . In CUG 960 þdox mice, no significant changes to GSK3b or cyclin D3 levels were observed by western blot or RPPA (data not shown). Ingenuity Pathway Analysis of RPPA results showed the top pathways affected by CUG 960 RNA expression in CUG 960 þdox mice were the PTEN, IL-8, PI3K/AKT, and glucocorticoid signaling pathways ( Fig. 6B; Supplementary Material, Fig. S7A ). Phosphatase and tensin homologue (PTEN) is a negative regulator of PI3K signaling (57) and IL-8 has been shown to be activated by the PI3K and MAPK pathways (58-60), both of which were affected by expression of CUG 960 RNA. The PI3K/AKT pathway is the primary anabolic pathway that results in muscle hypertrophy (61, 62) . The glucocorticoid pathway indirectly activates the autophagic/lysosomal pathway, regulating muscle atrophy and is characterized by loss of Type 2 glycolytic fibers, as observed in CUG 960 þdox mice (Fig. 3K) , consistent with Type 2 fiber loss in HSA LR and DMSXL mice (22, 25) . Furthermore, antagonistic crosstalk between the PI3K and glucocorticoid pathways has been reported (63, 64) , suggesting that the balance between anabolic and catabolic pathways, which is critical to coordinately regulate skeletal muscle mass, is deregulated in CUG 960 þdox mice.
Further analysis of the RPPA data revealed that ratios of phospho-to total protein levels of Thr172 p-AMPKa and Thr198 p-p27/KIP1 were significantly up-regulated in CUG 960 þdox mice (Fig. 6C) . AMPKa serves as an energy switch in the cell that is activated under conditions of nutrient and energy deprivation. It was demonstrated that glucose uptake is reduced in DM1 (31, 65) , suggesting a state of chronic metabolic stress owing to reduced energy availability during the progression of the disease.
When activated, AMPKa antagonizes anabolic pathways, such as the PI3K/AKT/mTOR signaling pathway, while activating catabolic pathways (66) (67) (68) . Following glucose starvation, activated AMPKa, through phosphorylation and stabilization of p27/KIP1, has been reported to induce autophagy. Furthermore, Thr198 p-p27/KIP1 was sufficient to promote autophagy in the absence of nutrient deprivation (49) . Increased levels of the autophagy markers Atg7, Atg8a and Atg12 and increased apoptosis by TUNEL assay and increased caspase 3 activity were shown in a fruit fly CUGexp model for DM1 that exhibited skeletal muscle wasting, suggesting that both apoptosis and autophagy catabolic pathways may be involved in DM1 muscle wasting (45) . We observed up-regulation in autophagy markers, including Atg7, Beclin-1, LC3A and Atg12, in addition to increased caspase 3 levels (Fig. 6) .
It was recently demonstrated that activation of AMPKa and PI3K/AKT signaling in HSA LR mice were deregulated in response to starvation, although no changes to AMPKa or PI3K activation were reported between fed control and HSA LR mice (46) . In contrast, we observed significantly increased AMPKa activation in CUG 960 þdox mice in the absence of nutrient deprivation (Fig. 6 ) and slightly, though not significantly, elevated activation of AMPKa in DM1 skeletal muscle (Supplementary Material, Fig.  S7C and D) . While metabolic stress has not been directly tested in CUG 960 þdox mice, it is possible that the level of metabolic stress required for increased activation of AMPKa in the absence of starvation contributes to the severity of the muscle wasting phenotype in the CUG 960 þdox mice, compared with HSA LR mice. PDGFRb levels are also increased by glucose deprivation (69) and were significantly up-regulated in CUG 960 þdox mice and in DM1 skeletal muscle. The ratio of Tyr751 phospho-to total PDGFRb, which is critical for binding PI3K to the PDGFRb receptor to mediate signaling (51), was significantly decreased in CUG 960 þdox mice and reduced in DM1 skeletal muscle, suggesting reduced PDGFRb signaling may be involved in PI3K deregulation. PDGFRb also signals through pathways other than PI3K such as the Ras/MEK/ERK pathway (50). Erk1/2 has been shown to phosphorylate Stat3 on Ser727 in cancer cells in response to Ras signaling, enhancing both its canonical role in transcriptional activity and its non-canonical role in mitochondrial function, including limiting reactive oxygen species (ROS) production in response to oxidative stress and regulation of mitochondrial membrane potential and energy supply (70, 71) . Furthermore, Ser727 p-Stat3 was shown to protect against ROS accumulation in both a heart damage model and a cancer model (71) . We show reduced Ser727 p-Stat3 relative to the total Stat3 pool in CUG 960 þdox mice, and to a lesser extent in DM1 skeletal muscle, suggesting its role in mitochondrial regulation may be disrupted in response to CUG 960 RNA expression, resulting in energetic stress in the skeletal muscle.
In conclusion, we developed a CUG 960 repeat expressing mouse model of DM1 that exhibits significant skeletal muscle wasting and myopathy and provide insight into molecular mechanisms directly underlying progressive skeletal muscle wasting. Molecular analysis points toward pathways activated in response to nutrient deprivation and oxidative stress. Our data implicating the activation of autophagic degradation pathways is consistent with previously published reports in DM1, as well as DM1 mouse and fly models (45, 46, (72) (73) (74) . Further mechanistic studies are required to assess the roles that deregulated PI3K and AMPK pathways and PDGFRb play in progressive skeletal muscle wasting in CUG 960 RNA expressing mice.
Materials and Methods

Transgenic mice
TREDT960I transgenic mice were generated by standard techniques in an FVB background. The TREDT960I transgene contains a human genomic segment containing exons 11-15 of DMPK with 960 interrupted CTG repeats in the natural site of the repeats. The interrupted repeats were generated as described (55) (30) were maintained on a mixed C57BL/6ÂDBA background. Mice that were homozygous for the TREDT960I transgene and hemizygous for MDAFrtTA were mated and progeny used for this study were either bi-transgenic TREDT960I/ MDAFrtTA (CUG 960 ) or homozygous TREDT960I (TRE). Whenever possible, bi-transgenic and single transgenic mice used for the experiments were littermates. Genotype was confirmed by extracting genomic DNA from mouse tails using DirectPCR lysis reagent (Viagen Biotech) and analyzed by multiplex PCR using a b-actin internal control. Primer sequences can be found in Supplementary Material, Table S3 . Doxycycline containing chow (2 g doxycycline/kg chow, Bio-Serv) was provided to the mice beginning at PN1 initially through the nursing dam or at 6 weeks of age to induce expression of the CUG 960 RNA. All experiments involving mice were conducted in accordance with the NIH Guide for the Use and Care of Laboratory Animals and approved by the Baylor College of Medicine Institutional Animal Care and Use Committee.
RNA isolation and RT-PCR
Total RNA was isolated from individual skeletal muscles using TRIzol reagent (Invitrogen) with a Bullet Blender (Next Advance). RNeasy fibrous tissue mini-kit (Qiagen) was used for RNA extraction of skeletal muscle tissues used in RNA-seq experiments according to the manufacturer's protocol. RNA was resuspended in RNase-free water (Ambion) and treated with DNaseI (Ambion). RT-PCR was performed using PCR Super Master Mix (Bimake). Primers for transgene expression were designed to amplify the region of DMPK exon 15 upstream of the repeat expansion. Gapdh was used as an internal control for the normalization of transgene expression. Primers for analysis of alternatively spliced exons were designed to anneal to flanking constitutive exons. Primer sequences can be found in Supplementary Material, Table S3 . PCR products were separated on a 5% polyacrylamide gel and PSI (36) was calculated after ethidium bromide staining using a Kodak E1 Logic 2200 imaging system.
Muscle weight
Individual skeletal muscles were isolated, weighed and muscle weight was normalized to tibia length to account for differences in animal size. Direct comparisons of normalized muscle weight were only made between age matched treatment groups. For comparison of CUG 960 mice induced for 10 weeks (þdox) with CUG 960 mice induced 10 weeks followed by 8 weeks off dox (þ/off dox), statistically determined outliers for each treatment group were removed, followed by normalization of muscle weight/tibia length to the average muscle weight/tibia length of control animals for each treatment (þdox or þ/off dox). From these values, percent muscle loss of control-normalized CUG 960 þdox or CUG 960 þ/off dox mice was calculated from average control muscle weight.
Histology
Skeletal muscles were isolated and fixed overnight in 10% formalin, paraffin-embedded, and cut in 10 lm cross-sections or flash frozen in liquid nitrogen-cooled isopentane as previously described (75) and cut in 7 lm cross-sections. Hematoxylin and eosin, cytochrome oxidase and succinate dehydrogenase staining were performed using standard procedures. Images were acquired using an Olympus BX41 microscope with Olympus DP70 camera and analyzed using ImageJ software (National Institutes of Health). Five field-of-view images of each muscle were used for quantification of CSA (50 fibers per field-of-view were measured), percent of fibers containing centralized nuclei (all whole fibers in field-of-view were counted) and fiber typing (all whole fibers in field-of-view were counted).
Detection of puromycin-labeled proteins
Six-week-old mice were fed 2 g/kg dox chow for 2 weeks. Puromycin (0.04 lmol/g body weight, Enzo Life Sciences) was injected intraperitoneally 1 h prior to tissue collection. Muscles were isolated, homogenized in lysis buffer [10 mM HEPES pH 7.5, 0.32 M sucrose, 5 mM EDTA, protease inhibitor cocktail tablet (Roche) and 1% SDS]. BCA protein assay kit (Thermo Scientific) was used to determine the protein concentration. Western blot analysis using rabbit anti-puromycin antibody (1:1000, Kerafast) was performed using 30 lg protein lysate. Puromycin-labeled protein level for each sample was normalized to total protein levels using the same western blots, stained with Ponceau S (Sigma).
Combined FISH/IF
Combined FISH/IF staining was carried out using a modified protocol previously described (4) . Gastrocnemius sections were dried 30 min then fixed 30 min in 3% PFA/1Â PBS at room temperature, washed five times in 1Â PBS for 2 min each, followed by permeabilization in pre-chilled 2% acetone/1Â PBS for 10 min. Sections were placed in 30% formamide/2Â SSC for 30 min, hybridized with Tye-563-labeled (CAG) 5 
RNA-seq
RNA was isolated from gastrocnemius or quadriceps muscles of two CUG 960 þdox mice and one TRE þdox mice after 6 and 12 weeks of induction, beginning at PN1, as well as two CTG 960 -dox mice at 6 and 12 weeks of age. It is generally recommended that at least six biological replicates are used for each condition in RNA-seq analysis (76); however, we have consistently found that the data obtained using !100 million paired end 100 bp reads is highly reproducible between the biological replicates (Supplement Material, Fig. S5A and B and Fig. S6A and B) (77) (78) (79) (80) . The Genomic and RNA Profiling Core (GARP) at Baylor College of Medicine (BCM) performed HiSeq library preparation and Illumina sequencing of 100-bp paired-end reads on a HiSeq 2500 sequencer. RNA was poly-A selected, barcoded and run in eight lanes. Low-quality nucleotides were trimmed from both ends of the sequence reads and reads were mapped to the mouse genome (UCSC mm10) using Tophat (81) . Alternative splicing events, including skipped exons, alternative 5'/3' splice sites, alternative first or last exons, mutually exclusive exons and retained introns, were analyzed using MISO and SpliceTrap algorithms (34, 35) . Alternative splicing was quantified by PSI value, indicating the fraction of transcripts that include a given exon. Events with DPSI >10%, when comparing the treatment group with the controls with a Bayes factor >5, were considered significant. Cufflinks/Cuffdiff (39, 40) and Ht-Seq/EdgeR (41, 42) pipelines were used to count the number of reads mapping to known genes and to detect differentially expressed genes between the treatment group and control groups using a false discovery rate cutoff of 0.05. For both alternative splicing data and gene expression data, events that changed when comparing CTG 960 -dox with TRE þdox controls were filtered out of the analysis to rule out any events that were altered owing to the presence of doxycycline when repeats were not expressed. To determine the most significant transcriptome changes in response to expression of the repeats, only events that changed in the experimental treatment group relative to both control groups were considered for analysis using DAVID (37, 38) . Genes with relatively weak as well as relatively strong splicing changes were selected for validation of RNA-seq results by RT-PCR.
Reverse phase protein array
The Antibody-based Proteomics Core at BCM performed protein isolation and RPPA analysis as previously described with minor modifications (82) (83) (84) (85) . Protein lysates were isolated from gastrocnemius muscles of 12 CUG 960 and eight TRE mice fed 2 g/kg dox chow for 2 weeks beginning at PN1 using modified Tissue Protein Extraction Reagent (TPER) (Pierce) with a cocktail of protease and phosphatase inhibitors (Roche Life Sciences). Protein lysates were diluted into 0.5 mg/ml of total protein in SDS sample buffer, denatured and printed on nitrocellulose-coated slides (Grace Bio-labs) using an Aushon 2470 Arrayer (Aushon BioSystems). A 40 pin (185 lm) configuration was used to spot samples and control lysates using an array format of 960 lysates/slide (2880 spots/slide). Slides were immunolabeled with 216 antibodies against total and phosphorylated proteins using an automated slide stainer Autolink 48 (Dako) as previously described. Each slide was incubated with a specific primary antibody and antibody diluent, rather than primary antibody, was used as a negative control. A biotinylated secondary antibody followed by streptavidin-conjugated IRDye680 fluorophore (LI-COR Biosciences) was used for detection of primary antibody binding. Fluorescent staining with Sypro Ruby-Blot Stain (Molecular Probes) was used to assess total protein for each spotted lysate. Fluorescence-labeled slides and accompanying negative control slides were scanned on a GenePix 4400 AL scanner at an appropriate PMT to obtain optimal signal for the specific set of samples. Images were analyzed by GenePix Pro 7.0 (Molecular Devices). Local slide background signal was subtracted from the total fluorescence intensity to determine the fluorescence signal of each spot. Fluorescent signal for each spot per sample were normalized for variation in total protein level, background and non-specific labeling using group-based normalization method previously described (82) . Each image and its associated normalized data were inspected manually and through control samples to evaluate quality of the data. Significantly changed proteins were assessed using Student's t-test of the median intensity of triplicate experimental values; the criteria for significance were: maximum signal intensity greater than or equal to 200 across all samples, fold-change exceeding 1.25Â in either direction between the comparison groups, and P < 0.05. Phospho-to total protein ratios were calculated by dividing the phosphoprotein expression by its total protein and the significant ratios were identified by t-test (fold-change >1.25 or <1/1.25, P < 0.05). Data are presented as a heat map of median normalized fluorescent signal intensity, using the Python language scientific library script. Muscle wasting in CUG 960 þdox samples was classified as moderate or severe based on gastrocnemius weight. Ingenuity pathway analysis was performed for proteins that were significantly changed in CUG 960 þdox mice. Protein lysates for CUG 960 and TRE þdox mice prepared by the RPPA core were used to validate the RPPA data by western blot.
Western blot
Mouse protein lysates were prepared as detailed above for RPPA analysis. Human skeletal muscle was obtained from the National Disease Research Interchange tissue bank, the University of Miami tissue bank, and Dr Charles Thornton. Total protein lysates from DM1 and unaffected control skeletal muscle were prepared in RIPA buffer and protein concentration was quantified using a BCA protein assay kit (ThermoScientific).
Total protein lysates (20 lg) were separated on 10% Tris-glycine SDS-PAGE gels and transferred to Immobilon-P PVDF membranes (EMD Millipore) for western blot analysis. Membranes were stained with Ponceau S to visualize total protein, incubated with primary antibody overnight at 4 C. Membranes were washed three times in PBST (0.1% Tween-20, Sigma) and incubated 2 h in HRP-conjugated goat anti-rabbit (1:5000, Invitrogen) or goat anti-mouse (1:10 000, Cell Signaling Technology) antibody. After washing three times in PBST (0.1% Tween-20) immunoreactivity was detected using West Pico HRPchemiluminescence system (ThermoScientific). Western blot membranes were imaged on a ChemiDoc XRSþ Imaging system (BioRad) and quantification of protein levels following normalization were calculated using Carestream Molecular Imaging software (Carestream Health). The following primary antibodies were used for western blot analysis: rabbit anti-PDGFRb clone 28E1 (1:1000, Cell Signaling Technology), rabbit anti-PDGFRb (Tyr751) (1:1000, Cell Signaling Technology), rabbit anti-AMPKa (Thr172) clone 40H9 (1:1000, Cell Signaling Technology), mouse anti-AMPKa clone F6 (1:1000, Cell Signaling Technology), rabbit anti-AMPKa clone 23A3 (1:1000, Cell Signaling Technology), rabbit anti-Stat3 (Ser727) (1:1000, Cell Signaling Technology), rabbit anti-Stat3 clone D3Z2G (1:1000, Cell Signaling Technology), rabbit anti-Caspase 3 (1:1000, Cell Signaling Technology), rabbit anti-Gapdh (1:7000, Cell Signaling Technology). Protein levels in mice were normalized to Gapdh protein levels for quantification. Human protein levels were normalized to total protein levels from the same blots, stained with Ponceau S (Sigma).
Statistical analysis
Results were presented as mean 6 standard deviation. P-Values were calculated using two-tailed Student's t-test when comparing only two treatment groups. For comparisons of three or more groups, P-values were determined by one-way ANOVA with Bonferroni multiple comparisons. Outliers for assessing percent muscle loss were determined using extreme studentized deviate tests. For analysis of CSA, two-way ANOVA with Tukey's multiple comparisons was used for distribution and Kruskal-Wallis analysis with Dunn's multiple comparisons was used to assess significance in median CSA. *P < 0.05, **P < 0.01, ***P < 0.001.
Note added in Proof
Initial studies found that Celf1 levels were unchanged in mice expressing CUG 960 RNA. However, upon stratifying the samples based on severity of muscle loss and using the same samples as in Figure 6 , we found that Celf1 protein levels are significantly increased only in mice that exhibit severe muscle wasting (Supplementary Material, Fig. S9 ).
Supplementary Material
Supplementary Material is available at HMG online.
